The increasing use of non-woven materials, such as breathable roofing membranes (BRMs) within buildings that either currently contain a bat roost or may do in the future, has led to concerns over bat safety by those involved in bat conservation in the UK. Whilst some information is currently available on the selection of roosts in roofs by bats, along with technical specifications of individual membranes, there is no research that has investigated the interactions between the two. Prior to determining the methods needed to test interactions between bats and BRMs, a series of preliminary investigations were conducted; including research and physical measurements on selected anatomical features of bats commonly found roosting in buildings in the UK. Data on body size and shape were gathered from a combination of experimental measurements of bat specimens (deceased) and information collated from literature. Data on bat claw morphology were collected by applying a method used to measure raptor talons, measurements obtained included; width, length and the curvature (hook ratio) of their claws. The results of this research provide additional information about bat body and claw morphometrics. It was found that bat species/group had a significant effect upon the length, width and curvature of the claws (to varying degrees). Pipistrelle species have the shortest and third narrowest claws, whereas serotines have the longest and widest claws on average. The curvature of the claws does not vary greatly between species; however, more variation was seen in the lower portion of the claws. The results from this research also demonstrate that the current standard industry tests do not represent the fine scale at which a bats claws interact with their roosting surfaces. Consequently, this information can be used to aid the development of industry tests for determining the suitability of BRMs for use in bat roosts.
INTRODUCTION
In the past 15 years the use of non-woven textiles within the roofing industry has seen a significant rise (Masseneux, 2003) , mainly through the production of Breathable Roofing Membranes (BRMs). Prior to this bituminous felt, as described in British Standard BS747:2000 (BSI, 2000a , was the main roofing underlay specified to be used within most roof spaces. Many buildings suitable for use as bat roosts often require re-roofing as they age. During re-roofing, traditional bituminous roofing felts are often replaced with BRMs, which are designed to facilitate the removal of water vapour from the roof in order to reduce the risk of condensation formation (Jansenns and Henns, 2003; Essah et al., 2009) . In the UK alone there are currently over 60 brands of BRMs available as replacements to bituminous felt when roof spaces are being refurbished (Waring et al., 2013; Waring, 2014) . This is one example of new materials being introduced into the building industry, often in an effort to meet sustainability targets (Waring, 2014) .
BRMs are non-woven materials manufactured from spun-bonded polypropylene or spun-bonded polypropylene/polyethylene filaments, laminated either side of a vapour permeable (functional) layer (Albrect, 2003) . A nonwoven material can be defined as 'a manufactured sheet, web or batt of directionally or randomly orientated fibres, bonded by friction, and/or cohesion and/or adhesion' (Massenaux, 2003) .
In order to ensure the spun-bond polypropylene filaments are strong enough to protect the functional layer during the fitting process, the industry carries out quality tests on its membranes. At present, in order to test the mechanical strength of BRMs, they are tested to conform to British Standard BS EN 863:1996 nail puncture resistance (BSI, 1996) and BS EN 12310-1:2000 determination of resistance to tearing tests (BSI, 2000b) . This current level of industrial testing that is applied to BRMs is designed to consider the processes encountered in a roof when subjected to expected installation and service stresses and strains. Consequently, products are designed to withstand these processes but not those that are unexpected, such as use by bats.
In order to pass these tests the BRMs must have properties that increase material strength, including long filaments and strong bonds between them (Witteveen and Lucas, 2000) .The non-woven nature of these membranes means that strong filaments are often teased from the surface when a bat's claws interact with the surface (Waring, 2014) . Consequently, the increasing use of BRMs within buildings that either currently contain a bat roost or may do in the future, has led to conservation concerns for bats safety (Morris, 2008; Schofield, 2008; Waring et al., 2013; Waring, 2014) . These concerns have recently been substantiated with at least 290 reported bat deaths following entanglement in non-woven roofing membranes (Waring, 2014) . This occurs where the spun-bond filaments used in the manufacture of these products have been teased free from the membrane surface due to bat claws snagging the surface of the products.
Whilst some information is currently available on the selection of roosts in roofs, biological flight adaptations (Yalden and Morris, 1975) , crawling actions of bats (Neuweiler, 2000) and technical specifications of BRMs, there is no research that has considered the interactions between the two. As the first stage of work prior to investigating interactions between bats and BRMs, a series of preliminary investigations were completed. This included a review of existing information and physical measurements on selected anatomical features of bats. The focus of this work was to investigate body-size and shape and the morphology of bat claws to inform the development of experimental methods that could mimic the effects of UK bat species (from the families Vespertilionidae and Rhinolophidae) roosting upon a surface. These data were gathered from a combination of experimental measurements of bat specimens (deceased) and information collated from literature. The latter was used to supplement direct data collected, for species where suitable specimens were not available. The aim of this research was to provide knowledge of bat body and claw morphometrics so that current testing methods representation of the fine scale at which bat claws interact with the membranes surface, could be appraised.
MATERIALS AND METHODS
Information on body mass, forearm length, thumb length, tibia length and body length was collected for the UK bat species commonly found roosting in buildings: common pipistrelle (Pipistrellus pipistrellus), soprano pipistrelle (Pipistrellus pygmaeus), brown long-eared bat (Plecotus auritus), grey longeared bat (Plecotus austriacus), serotine (Eptesicus serotinus), lesser and greater horseshoe bats (Rhinolophus hipposideros and R. ferrumequinum), whiskered bat (Myotis mystacinus), Brandt's bat (Myotis brandtii) and Natterer's bat (Myotis nattereri). In total 350 bat specimens were measured from the Natural History Museum (London) collection and deceased animals collected by Colin Morris from the Vincent Wildlife Trust.
Of the 85 specimens measured of pipistrelle species, the majority (88%) were labelled (identified and catalogued) prior to the re-classification of common and soprano pipistrelles (Barlow et al., 1997; Barlow and Jones, 1999) . As a result, all data for pipistrelle bats were grouped together to prevent misidentification and ensure uniform analyses. Data from the two long-eared species were also grouped; although thumb length can be used as a distinguishing feature between these species, the difficulties in identification between the two species which have extremely similar characteristics (Racey, 2008) and the age of some specimens, meant that accurate classification to species level could not be determined. Finally whiskered and Brandt's' bats were also grouped in this study, due to their similar morphological characteristics.
Body Measurements
Measurements of forearm length, thumb length and tibia length were taken, from preserved specimens using digital callipers with an accuracy of 0.05 mm, in accordance with the methods described by Dietz et al (2009) . As these measurements were of bones, they were unaffected by the preserved state of the specimens. Values that were affected by the desiccation process following death, such as body mass and length, were obtained from peer-reviewed published literature and standard reference guides. As the range of forearm lengths is also well documented this information was also compiled from literature to validate measurements taken.
Claw Measurements
Data on bat claw morphology were collected using a method used to measure raptor talons, described by Fowler et al. (2009) . This involved the recording of length and angle measurements of claws from preserved specimens. Measurements were obtained by taking high quality (≥ 10 megapixels with a 12× optical zoom and macro setting enabled) lateral view photographs of the bat thumb and foot claws. Each photo was taken against a reference scale to allow for use in AutoCAD 2011 (Fig. 1) .
The images were then imported as a picture image and embedded into AutoCAD 2011 software. Using AutoCAD tools available (polyline with dynamic input), the scale length was measured which allowed the dimensions of the claws to be calculated. The measurements recorded included: claw length (A), claw width (B), arc length (AL o for outer and AL i for inner), chord length (CL o for outer CL i for inner) and inner and outer curvature radii (Fig. 2) .
For these measurements to be accurately recorded the images had to show a clear lateral view of the claw, resting against the 1 mm scale. Any images where the claw was not resting flat against the scale were discarded as measurements obtained in the AutoCAD software would be inaccurate and could distort the data. From 350 bat specimens available (across all species measured), 269 were of sufficient sampling quality to provide clear lateral images of the thumb claws, however, only 26 were in a condition that allowed lateral images of the foot claws. This was due to the fact that the majority of feet viewed were closed preventing a clear image of the claws being obtained.
The inner and outer hook ratios were calculated from the measurements taken from the images of bat claws, using Equation 1. These hook ratios allowed comparison of claw shape between species/species groups using statistical analyses.
Statistical exploration showed that the data had a non-normal distribution and transformation attempts using Log 10 and SQRT did not normalise the data. Consequently, a parametric test such as one-way ANOVA could not be used as the assumption that the data were normally distributed was not met. Instead the comparison of means was achieved using a KruskalWallis non-parametric test and post-hoc Mann Whitney U-tests. In order to reduce Type I error, due to multiple comparisons on a single dataset, the Bonferroni Correction was applied. As a result the P-value needed for the difference in claw width deemed significant was < 0.00238. This correction was also applied to the post-hoc tests conducted on claw length, outer hook ratio and inner hook ratio. These statistical analyses were applied to each of the four characteristics considered; claw width, claw length, outer hook ratio and inner hook ratio to determine if there were significant inter-species/group differences.
Real World Comparison
As the focus of this preliminary investigation was to inform the development of experimental methods that could mimic the effects of roosting bats; the measurements of claw width were compared to industry standard roofing nails as described in the two tests (BS EN 863:1996 and BS EN 12310-1:2000) BRMs are currently subjected to. This comparison was performed to exhibit how the mechanical properties of bat claws and roofing nails differ and how current testing methods applied to roofing underlays, are unsuitable for determining the effects of exposure to bat claws.
RESULTS

Body Measurements
The measurements taken show that the two horse shoe bat species have the smallest thumb lengths (Table 1) , which would be expected as they do not use their thumbs as frequently as other species. This is because their primary roosting position is to hang from their feet, not on all four limbs as other UK species do. The pipistrelle species have the third smallest thumb length which is not unexpected as they are the smallest species of bat in the UK. Long-eared bats had the longest thumb lengths with a mean (± SD) value of 6.3 mm (± 0.57 mm). The average forearm measurements of measured specimens all fell within the range suggested for the species within the literature.
Bat Claw Morphology
Claw width
Measurements (0 ± SD) of claw widths from the seven bat species groups studied (Fig. 3A) show that serotines have, on average, the widest claws at 1.39 mm (± 0.39 mm) and that whiskered/Brandt's bats have the narrowest claws (0.59 ± 0.13 mm), closely followed by lesser horseshoe bats and pipistrelle spp. Results of the Kruskal-Wallis analysis indicated that there was a significant inter-species/group difference in claw width (H 6 = 155.55, P < 0.001). Mann Whitney post-hoc rank sums tests were conducted to determine which groups had a significant difference between their claw widths. The post-hoc rank sums tests showed that out of the 21 comparisons (made between the seven species groups), 17 resulted in a significant difference in claw widths. The claw widths of the pipistrelle species, whiskered/Brandt's and lesser horseshoe bats were not significantly different from one another. These were the three species with the smallest average claw widths. The fourth comparison that did not yield a significant difference was between the longeared bats and the Natterer's bats, which had similar average claw widths.
Claw length
The species group with the shortest average claw length (1.12 ± 0.23 mm) were pipistrelle spp. (Fig.  3B) . Whiskered/Brandt's bats were second shortest with a mean (± SD) claw length of 1.34 ± 0.30 mm. Serotines had the longest claw length followed by greater horseshoe bats and long-eared bats respectively. These three groups all had a mean claw length of greater than 2.40 mm. There was a significant difference in claw length between species/ groups (H 6 = 221.05, P < 0.001). The post-hoc rank sum tests revealed that whilst there were significant differences between species groups; where the average claw lengths were similar the differences were not significant. Pipistrelle spp. were significantly (P < 0.01) shorter than all species groups, excluding whiskered/Brandt's bats. Serotine bats were shown not to have significantly longer claws than two other species groups: longeared bats and greater horseshoe bats. Natterer's bats and lesser horseshoe bats also did not have a significant difference between their average claw lengths.
Claw hook ratios
Using the Kruskal-Wallis test, it was shown that bat species/group had a significant effect on the outer hook ratio of bat claws (H 6 = 26.73, P < 0.001). The outer hook ratios do not exhibit a large range between the species groups and post-hoc rank sums tests reveal that the only groups significantly different from one another are serotines and pipistrelle spp. (Z = -3.79, P < 0.001) and pipistrelle spp. and greater horseshoe bats (Z = -3.61, P < 0.001). There was no significant difference in outer hook ratios between the other species/groups (Fig. 4A) . Although the inner hook ratio results (Fig. 4B ) do not demonstrate large differences between the values, there is more variance than seen in the outer hook ratio results (Fig. 4A ). There were also significant differences in inner hook ratios between the species/groups (H 6 = 30.14, P < 0.001). As with the outer hook ratio there were significant differences between the inner hook ratio of serotines and pipistrelle spp. (Z = -3.33, P < 0.001) and pipistrelle spp. and greater horseshoe bats (Z = -3.66, P < 0.001). There were additional differences between pipistrelle spp. and long-eared bats (Z = -3.56, P < 0.001), long-eared bats and whiskered/Brandt's bats (Z = -3.19, P < 0.001) and whiskered/Brandt's and greater horseshoe bats (Z = -3.19, P < 0.001). These results show that whilst the uppermost surface of a bats claw shows little variation in shape between species measured, there is a greater difference between species in the curvature of the lower portion of the claw.
Bat claw versus roofing nail
A standard roofing nail has a diameter of 2.5 mm (BSI, 2000) , and as such this size nail is used in many standard industry tests, such as the tear test applied to roofing underlays described in BS EN 12310-1:2000. From 295 bat claws analysed, across the seven species groups, the mean (±SD) claw width was 0.81 (± 0.32) mm. This is close to a third of the standard size roofing nail, which is also straight and so has a hooked value of 0, compared to an mean hooked ratio value of 1.12 (± 0.12).
DISCUSSION
The data collected within this research has added to the knowledge currently available for UK bat species body size and shape. It is also the first attempt to measure and analyse bat claw shape and curvature, with specific reference to those species commonly found roosting in buildings. This information can be used in future to inform our understanding of how bats interact with the surfaces upon which they roost, in particular breathable roofing membranes. At present BRM strength is tested on a large scale and this may not always represent the micro-scale that needs consideration when looking at bat interactions. The results from these bat morphometrics data reveal that bats coming into contact with BRMs in the UK vary not only in body size and shape but also in their claw dimensions. Claw width and length varies between UK species commonly found in buildings, as does the curvature of these claws. Whilst this is interesting in itself, it also demonstrates current tests on BRMs that use a standard roofing nail are not considering a fine enough scale, therefore the tests currently conducted do not represent how a bat would interact with a BRM surface. The results from the claw morphometric data are being used to develop friction and wear and tear tests on BRMs. This testing will aid understanding with regards to the potential outcomes of bat claws interacting with the surface filaments and the likely impacts and possible risks to bats roosting in roofs containing these membranes.
